ABSTRACT In order to investigate the possible role of RNA secondary structure in determining the efficiency and specificity of mRNA splicing, the structures of sequences at three acceptor splice sites in adenovirus were studied. Transcripts spanning lntron-exon junctions were synthesized using SP6 RNA polymerase and analyzed using single and double-strand specific nucleases. Distinctive patterns of nuclease cleavage were observed for each of the 3 sites examined. At both sites in the E2a region sequences adjacent to the splice sites were particularly susceptible to digestion with Tl and SI nucleases. In contrast, a splice site for hexon mRNA was largely resistant to these nucleases. The results obtained suggest that the conformation of the RNA at some, but not all, acceptor sites may enhance the accessibility of these sites to factors involved in splicing nuclear RNA and confirm the presence of a large, previously predicted hairpin structure centered on the acceptor site at 67 map units.
INTRODUCTION
The mechanism by which splice sites are recognized in nuclear precursors of mRNA is poorly understood despite extensive information concerning nucleotlde sequences (1) and mutations (2-4) which affect splicing. A role for RNA secondary structure has been suggested in order to account for the effects of mutations on both the efficiency and specificity of splicing (2, 5) . Furthermore, since the short consensus sequences found at the donor (5') and acceptor (3') splice sites are not sufficient in themselves to unambiguously determine the site of splicing (6, 7) , it is possible that additional information is provided by the higher order structure of the region bounding the sites. While much attention has focused on the possible role of Intermolecular base pairing of Ul small nuclear RNA with intron sequences in a manner that facilitates splicing of adjacent exons (6) intramolecular interactions within the mRNA precursor may also be important in the efficient recognition and utilization of splice sites (7, 8) .
In order to investigate local secondary structure of splice sites found in adenovirus mRNA precursors present lii vivo at low concentrations I have used SP6 RNA polymerase (9, 10) to synthesize in quantity a series of RNA molecules overlapping several well-characterized acceptor sites. The conformation of these molecules was probed by partial digestion with single-or double-strand specific nucleases. The size of the iji vitro transcripts spanning one site was systematically varied in order to confirm the location of interacting sequences. The results of the detailed characterization of this site confirm the presence of a previously predicted (7) large hairpin structure at the acceptor site for the body of the adenovirus DNA-binding protein mRNA (DBP mRNA) located at 67 map units on the viral genome and provides evidence for additional stable intramolecular interactions. Two other acceptor sites were also characterized including another in DBP mRNA (11) , and one for hexon mRNA located at 52 map units (12) . The results presented here represent the first experimental characterization of secondary structure at splice sites in nuclear precursors of mRNA molecules. 
METHODS

In Vitro Transcription
Plasmids purified by banding on CsCl (13) were digested with restriction enzymes (Pharmacia P-L Biochemicals or Bethesda Research Laboratories) according to the manufacturer's recommendation. Digested plasmids were extracted once with buffered phenol, twice with chloroform, precipitated with ethanol and resuspended in TE buffer (0.01M Tris-HCl, pH 8.0, and 0.001M EDTA) at 0.5 mg/ml. The linearized plasmids were transcribed using fraction V of SP6 RNA polymerase, prepared as previously described (9) from SP6 infected Salmonella typhimlrlum his 2558. Phage and bacteria were the generous gift of Dr. Melton. Transcription reactions were carried out as described by Green ^t a_l. (10) , except that reactions were scaled up to a volume of 0.5 or 1.0 ml. The standard reaction contained 10-20uCi/ml H-CTP (ICN, 22Ci/mmol) and 0.5mM each of ATP, GTP, CTP and UTP. Reactions were initiated by the addition of 140u/ml of SP6 polymerase and incubated for 45 to 60 min at 37 C.
DNase I (Worthington, DPRF) was then added, the Incubation continued for 10 mln to digest the template and 0.1 volume of 0.2M EDTA, 0.5 volumes distilled phenol, 0.5 volumes chloroform with 1Z isoamyl alcohol and 0.2% sodium dodecyl sulfate (BDH, specially pure) were added. Following extraction with phenol/chloroform, chloroform alone, and precipitation of ethanol, RNA was resuspended in 0.15 ml TE buffer and passed through G-100 Sephadex. Void volume fractions were pooled (0.6 ml) and ethanol precipitated. Yields of 10 to 100 yg of RNA were obtained from 1 ml transcription reactions depending on 32 the size and sequence of the RNA. Transcripts uniformly labeled with P-GTP (New England Nuclear, 600Ci/mmol) were sized by electrophoresis on acrylamide or agarose gels following denaturation with glyoxal (14) .
End-labeling and Partial Digestion RNA samples were routinely dephosphorylated before end-labeling In 0.1 ml 0.025 M Trls-HCl, pH 8.3, with calf intestinal alkaline phosphatase (Boehringer Mannheim, O.Olu/ml) for 30 min at 50°C. 5-15 yg of RNA was end-32 labeled with 100-150yCi P-cytidine bis-phosphate (pCp, New England Nuclear, 2900Ci/mmol). End-labeling was carried out in a total volume of 25
Ml as described previously (15) . Twelve units RNA ligase (Pharmacia P-L Biochemicals) were added and the sample was incubated at A C for 45 to 60 min and terminated by the addition of 0.1 volume 0.2M EDTA. 
RESULTS
Plaamids and Transcripts
As summarized in Table 1 and Fig. 1 Table   Template pSPP80 were determined by glyoxal gel electrophoresis (14) and corresponded exactly to those calculated in Table 1 from the sequences of the SP6 promoter (M.R.
Green, personal communication), polylinker insertation site and adenovirus 2 fragments. End-label analysis of two of these transcripts indicates that transcription terminates within one nucleotide of the 5' end of the coding strand. In this paper specific transcripts are described in terms of the template plasmid and the restriction enzyme used to generate the 3 1 runoff site, e.g., the pSPP80-L/XhoI transcript is a RNA molecule synthesized on pSPP80-L template truncated at the Xho I site.
Secondary Structure of Acceptor Site at 67 Map Units
Earlier modeling studies suggested that the acceptor site at 67 map units in the E2a region of adenovirus might be located at the apex of an exceptionally large hairpin structure (7) . In order to determine if this structure shown in Fig. 2 is in fact present, 3' end-labeled transcripts FIGURE 1: Position of splice sites and in vitro transcripts within E2a region of adenovirus. Bold lines represent the 3 exons and thin lines the 2 introns of early DBP mRNA (11) . Position of E2a transcripts listed in Table 1 are shown. spanning this site were analyzed by partial digestion with strand-specific nucleases. Ribonuclease Tl and SI nuclease were used to identify singlestranded regions of RNA. Ribonuclease Tl cuts after G residues while SI cuts in a relatively non base-specific fashion (16) . Ribonuclease VI was used to identify double-stranded regions of RNA (16) . This enzyme lacks basespecificity, although some sites in double-stranded stems are strongly preferred for reasons which are poorly understood (16, 21, 22) . Tl ribonuclease digestions were also carried out at 60 C in 0 to 8M urea In order to define regions of the secondary structure affected by increasingly stringent denaturing conditions. Base-specific digestions with U2, Phy M and B. cerus ribonucleases provided sequence-specific markers.
Tl ribonucleaae digestion of pSPP80/AvaI.
Initial studies of the acceptor site at 67 map units were carried out with the pSPP80/AvaI transcript ( Fig. 1 ) which has its 3' end directly at the base of the predicted hairpin structure (Fig. 2) . Since the 106 nucleotide hairpin contains 32 G residues distributed throughout its length, the cuts generated by The second class of G residues consists of 5 sites which are cleaved very strongly at higher enzyme concentrations or at elevated temperatures.
As shown in lanes 6-14 of and class two (strong secondary cut sites) is summarized in Fig. 2 .
The third and fourth classes of G residues are those residues cleaved weakly by ribonuclease Tl in the presence of urea at 60°C. The third set consists of 11 G residues on the 3' side of the hairpin stem at positions 12-33), which are cut much more weakly than the class two residues at 60 C.
as seen in lanes 6 to 12, Fig. 3A . The fourth class consists of 12 G residues located on the opposite 5' side (at positions -58 to -27) of the same stem region as the third class. G residues in this fourth class are cut only at 60 C in concentrations of urea equal to or greater than 4M and appear as very faint bands (Fig. 3A, lanes 9-12) . On some gels, each of the 12 residues on the 5' side was clearly resolved as a pattern of very faint, fine bands. The difference in the intensity of cut sites on opposite sides of the hairpin stem probably reflects their position relative to the strong apical cut sites and the 3' labeled end, not an intrinsic difference in the accessibility of these 23 residues found in this GC-rich stem (Fig. 2) . Although it has been suggested that this shift, observed previously with fragments obtained from SI nuclease digestions (16, 23) , is due to a phosphatase activity contaminating the nuclease (23), such contamination could not account for the T4 polynucleotide kinase dependent shift demonstrated here.
A series of 4-6 major SI nuclease cuts are seen at increasing levels of digestion (Fig. 3B, lanes 3 to 7) correspond to cuts between residues -7 to -2. These cuts are centered within the apical hairpin loops as shown in The most prominent VI cleavage sites are 6 consecutive cuts at positions -14 to -9 on the 5' side of the apical stem (Fig. 3A, lanes 23-27, Fig. 3B , lane 8). These cuts extend to the 3' side of the U (-9) probably representing 3' overcutting by VI (22) . Several other moderately strong VI cleavage sites are observed on the 5' side of the apical stem region.
These cuts confirm the double-stranded structure of this region, which is also defined as a preferred site of secondary cutting with Tl. Two weaker VI cut sites are consistently observed at positions -34 and -29 (Fig. 3A, lane 23), on the 5' side of G residues present in single base bulge loops.
The positions of these sites of preferred VI cutting are summarized in Fig.   2 . The lack of other strong VI cut sites on the helical stem may reflect a preference for cutting by ribonuclease VI at the end of helical regions. (Fig. 7B) .
While partial digestion analysis of each of the two acceptor splice sites in region E2a Indicates that the regions adjacent to the splice point are preferentially cut with single strand specific nucleases including both primary and secondary cuts, this contrasts with the third site studied.
The acceptor splice for hexon mRNA site at 52 map units was probed in two These observations suggest that this region is largely double-stranded, consistent with the many VI cleavage sites also present in this region (Fig. 6 , lane 1). Although models of secondary structure of relatively long sequences such as these must be regarded as tentative due to uncertainties in the calculations and data used in their derivation (19, 24) and difficulties in interpreting nuclease digestion data (16) , the structures shown in Fig. 7 are useful as working models for evaluating the role of secondary structure in RNA splicing and in organization of nuclear rlbonucleoprotein complexes (25) . The secondary structure of splice site sequences and, more generally, the accessibility of these regions to proteins or other factors involved in splicing may be important for splice site function. Intron sequences directly upstream of acceptor splice sites are required for UNA splicing.
Acceptor sites in all known nucleus-encoded mRNA precursors have a pyrimidine tract directly upstream of an invariant AG dinucleotide (1, 27) . In yeast another upstream sequence, called the TACTAAC box, is required for acceptor site recognition (28, 29) . Recent work has identified a possibly analogous upstream sequence involved in splicing globin (30) and adenovirus (31) mRNA.
Sites of preferential nuclease cleavage mapped in this study may be indicative of the accessibility of residues within splice site proximal sequences. At the 67 map unit site studied sequences directly upstream of the splice site (residues -1 to -8) are exceptionally accessible to digestion with singlestrand specific nucleases (Fig. 3) . Adjacent nucleotides within a short double-stranded stem (-9 to -14) are especially susceptible to a doublestrand specific nuclease (Fig. 3) . Thus the region upstream of this splice site is accessible to nucleases of different specificity. The major sites of primary cleavage by single-strand nucleases at two other sites examined lie 22-24 and 40-50 nucleotides upstream of the acceptor sites at 69 and 52 map units respectively. Both acceptor sites in DBP mRNA are similar in that the regions bounding the splice sites are readily cleaved by high Tl or SI nuclease concentrations or under mild denaturation conditions, suggesting that these regions are readily opened for singlestrand specific nuclease attack. In contrast, sequences immediately adjacent to the acceptor site for hexon mRNA are relatively resistant to single-strand specific cleavage under all conditions tested. These differences in susceptibility to nuclease digestion may reflect variations in the location and accessibility of sequences required for splicing.
The secondary structure of the acceptor site for DBP mRNA at 67 map units was analyzed in detail since this site is located at the center of an unusual, large inverted repeat sequence. Digestion data obtained from 3 transcripts overlapping this site were fully consistent with a predicted hairpin stem and loop structure. Detailed analysis of this data for the pSPP80/AvaI transcript provide strong evidence for this structure (Fig. 2) . Other model structures (Fig. 7) proposed for large regions bounding the two acceptor sites in DBP mRNA are also in generally good agreement with partial digestion data (Figs. 5 and 6 ). These structures, however, should be regarded primarily as working models, given the potential complexity of RNA folding in sequences of this length and difficulties in the Interpretation of nuclease data (16) .
The major question left unanswered by this study is whether or not secondary structure of splice sites, such as those described here, plays a role in splice site function. The conformation of these three sites in vivo may conceivably be quite different from that studied in model transcripts in vitro. Proteins bound to RNA transcripts may influence secondary structure or higher order folding of RKA molecules (32) . The extensive base pairing interactions between intron and exon sequences, proposed in Figs. 2 and 7, must eventually be disrupted in order to separate the excised introns from the processed mRNA.
A number of lines of evidence, however, suggest that local secondary structure, such as that described here, may play a role in splice site function. While the minimal information necessary to define functional splice sites appears to reside in rather short sequences (33, 34) , the context in which these sequences occur is of critical importance (4, 34) .
The diverse effects of various mutations (3) and rearrangements (4, 35) are not readily explained by a straightforward linear scanning mechanism. The efficient splicing of chimeric genes constructed from two different genes (36) demonstrates that sequences in adjacent exons or at the ends of a single intron are not uniquely related. Such results point to a general role for secondary or higher order structure in determining the sites utilized in RNA splicing. Finally, the detailed analysis of the splicing of other types of RNA molecules, tRNA (37, 38) , rRNA (20, 39) and mitochondrial mRNA (40, 41) , demonstrates the importance of RNA secondary structure in the processing of these molecules. Although splicing of these molecules clearly differs in many ways from that of mRNA in the nucleus, it is possible that similarities in mechanism or principle of splice site recognition underlie splicing of different RNA species.
